. NPE photolysis had no effect on the presynaptic property of the triggering mechanism that can be used membrane potential ( Figure 1A ). When the presynaptic to evaluate molecular models of exocytosis. Adapta- [Ca 2ϩ ] i rise was blocked by adding 50 mM N-hydroxyetion can limit the amount of transmitter released by a thylethylenediaminetriacetic acid (HEDTA), a divalent nerve terminal and permit the speed of a presynaptic cation chelator, to the presynaptic electrode, NPE phoCa 2؉ rise to serve as a critical determinant of synaptic tolysis failed to evoke an excitatory postsynaptic potenefficacy.
tial (EPSP) in more than half of approximately 20 experiments. When EPSPs could be evoked following HEDTA injection, those EPSPs were one third the amplitude of Introduction controls. In one synapse where block by HEDTA was complete, responses were subsequently obtained after Rises in Ca 2ϩ concentration ([Ca 2ϩ ]i) within presynaptic terminals cause neurotransmitter release by triggering continuing the injection with an NPE solution lacking HEDTA. This indicates that EPSPs evoked by illuminaexocytosis of synaptic vesicles (Katz, 1969) . Ca 2ϩ -triggered exocytosis depends on a number of distinct protion of NPE-filled terminals depend on the presynaptic rise in [Ca 2ϩ ] i and are not the result of a direct effect of cesses. First, Ca 2ϩ must enter, diffuse, and bind to Ca 2ϩ -receptor proteins subjacent to the presynaptic plasma light or NPE by-products. A striking feature of the EPSP evoked by NPE photolymembrane (Jahn and Sü dhof, 1994; Martin, 1994; Scheller, 1995; Schweizer et al., 1995) . Ca 2ϩ -receptor sis was that it decayed back toward the resting potential over tens of milliseconds. The EPSP decay was a multiactivation then causes synaptic vesicles to fuse with the plasma membrane through a complex mechanism exponential process ( Figure 1B ) dominated by the fastest component with a time constant of 25.9 Ϯ 1.6 ms involving an unknown number of presynaptic proteins. Although there has been much progress in identifying (mean Ϯ SEM; 33 synapses). A slower component of decay with a time constant of 137 Ϯ 18 ms accounted presynaptic proteins that could serve as Ca 2ϩ receptors, the complex dynamics of Ca 2ϩ in nerve terminals (Fogelfor a smaller fraction, 21% Ϯ 4%, of the amplitude of the EPSP (averages from 16 EPSPs in which the slow son and Zucker, 1985; Simon and Llinas, 1985; Parnas et al., 1989; Adler et al., 1991) has made it difficult to component could be clearly discerned). The EPSP shown in Figure 1 was suprathreshold, as indicated by establish the properties of exocytotic Ca 2ϩ receptors in situ.
the postsynaptic action potential. In general, EPSPs evoked by NPE photolysis had slower initial rises than One way to overcome this problem is to use photolabile Ca 2ϩ chelators or "caged" Ca 2ϩ . Photolysis of these action potentials evoked by electrical stimulation of the presynaptic nerve ( Figure 1C ). EPSPs evoked by NPE compounds can trigger exocytosis under more defined conditions by producing rapid and spatially uniform photolysis also lasted considerably longer than action potentials, decaying with a similar time course in both rises in [Ca 2ϩ ] i (Zucker, 1993) . This approach has been sub-and suprathreshold responses. The fast compo-[Ca 2ϩ ] i was elevated by the photolysis of NPE, and that presynaptic [Ca 2ϩ ]i remained high while the EPSP denents of decay had time constants of 26.2 Ϯ 2.0 ms (29 synapses) and 23.7 Ϯ 3.4 ms (4 synapses) for subthreshcayed ( Figure 2A ). Complete recovery of presynaptic [Ca 2ϩ ]i required tens of seconds, similar to the recovery old and suprathreshold EPSPs, respectively, and these values are not significantly different (p ϭ 0.33). The deobserved following Ca 2ϩ entry through channels (Llinas and Nicholson, 1975; Charlton et al., 1982 ; Augustine et cay of EPSPs evoked by NPE photolysis was much slower than the membrane time constant and the gating al. , 1985; Swandulla et al., 1991; Smith et al., 1993) . Furthermore, although larger [Ca 2ϩ ] i rises generated rates of the voltage-dependent channels in the postsynaptic cell (Hodgkin, 1964) . We therefore conclude that larger and faster-rising EPSPs (Figure 2A ), as expected from the well-established sensitivity of transmitter rethe decay reflects a decline in the postsynaptic current evoked by transmitter release and performed a series lease to presynaptic Ca 2ϩ (Dodge and Rahamimoff, 1967; Charlton et al., 1982 ; Augustine and Charlton, of experiments to elucidate the underlying mechanisms. In these studies, we focused our attention on the pre-1986; Heidelberger et al., 1994) , the time constant for decay of these EPSPs showed no significant variation dominant fast component and restricted the analysis to subthreshold responses to avoid the complications with [Ca 2ϩ ]i up to 50 M ( Figure 2B ). This indicates that the decay of the EPSP is independent of the magnitude caused by superimposed action potentials and by the nonlinear relation between transmitter release and postof the presynaptic (Zucker, 1993; Llinas, 1985; Parnas et al., 1989; Adler et al., 1991; Schweizer et al., 1995) . To address this possibility, we Ellis-Davies et al., 1996) or endogenous Ca 2ϩ -binding proteins (Neher and Augustine, 1992) . Ca 2ϩ spikes lastadded 50 mM HEDTA (a Ca 2ϩ chelator with an effective K d of 3 M) to the solution injected into the nerve termiing a few hundred microseconds were reported after photolysis of NPE by a 35 ns laser pulse (Ellis-Davies nal. This mobile buffer will enhance Ca 2ϩ diffusion within the nerve terminal and provide a reservoir of Ca 2ϩ for et al., 1996) . Thus, although the results in Figure 2 indicate that the decay of exocytosis is not a simple reflecrelease into newly created domains of low [Ca 2ϩ ]. In this way, HEDTA should reduce any spatial gradients caused tion of a decay in [Ca 2ϩ ] i , the possibility remains that [Ca 2ϩ ] i decays more rapidly than can be measured and by active removal. As noted above, in a majority of the experiments with HEDTA injection into the presynaptic that the decay of the EPSP reflects a slower process such as the rate of dissociation of Ca 2ϩ from a receptor nerve, EPSPs could not be evoked by NPE photolysis. In a few HEDTA-injected synapses, EPSPs could be that triggers exocytosis. We therefore attempted to determine the relevance of Ca 2ϩ spikes to the decay of evoked, but the mean amplitude was reduced from the control value of 8.3 Ϯ 1.1 mV (29 synapses) to 2.7 Ϯ 0.5 transmitter release. A theoretical analysis of NPE binding kinetics can be mV (6 synapses, p ϭ 0.0015). These results indicate that HEDTA was having the expected buffering effect on used to estimate the expected duration of spikes arising from Ca 2ϩ binding to unphotolyzed NPE. The relevant [Ca 2ϩ ] i . However, as shown in Figure 3A , small EPSPs evoked in the presence of HEDTA still decayed with association process is similar kinetics ( ϭ 22.7 Ϯ 2.0 ms; 6 synapses; p ϭ 0.22 ␣ → Ca ϩ NPE Ca-NPE ← compared to control). If active removal were selectively ␤ depleting Ca 2ϩ from small regions around active zones, with a forward rate, ␣, and a reverse rate, ␤. If we neglect HEDTA should counteract this effect. The similar rate the effects of endogenous Ca 2ϩ -binding proteins, then of decay obtained with HEDTA thus suggests that local after a spike [Ca 2ϩ ] will approach equilibrium with the removal of Ca 2ϩ is unlikely and that the decay of exofollowing time course (Moore, 1972) . cytosis cannot be explained by a highly concentrated Ca 2ϩ active transport system near active zones of trans- ]i increase of 17 M (computed from equation 2) was produced by a 1 ms pulse of high intensity light from the modulated light source described in Experimental Procedures. Low intensity light from the same source provided the excitation light for the furaptra signal, but also caused weak uncaging as indicated by the slight downward slope in fluorescence. The postsynaptic response was especially strong in this experiment, firing two action potentials in rapid succession. Note that fluorescence rather than [Ca 2ϩ ]i is shown to emphasize the rapid equilibration after photolysis. (C) Continuous illumination with an arc lamp for 30 ms photolyzed NPE to produce an EPSP. The time of UV illumination is indicated schematically above. Both here and in other figures below, the actual time of illumination was approximately 5 ms later than indicated due to the delayed response of the shutter. The best-fitting sum of two exponentials is drawn through the EPSP ( fast ϭ 24.2 ms; slow ϭ 119 ms).
√
high intensity light photolyzed NPE and produced a large
EPSP. Returning to low intensity light enabled us to measure [Ca 2ϩ ] i as soon as the light source switching and was complete ( Figure 3B ). This experiment failed to re-√ veal a Ca 2ϩ spike in three synapses, indicating that if a mM; see Experimental Procedures), is 67% loaded, and spikes occur when Ca 2ϩ is liberated more rapidly than 50% photolyzed, [Ca 2ϩ ] i will first rise to 66 M prior to it is subsequently bound. If Ca 2ϩ is liberated more slowly, reassociation, and then decline to 34 M after equilibratCa 2ϩ and Ca 2ϩ -binding molecules will remain close to ing with the remaining NPE. Using values for ␣ and ␤ equilibrium, and spikes will not occur. Since both theofrom Ellis-Davies et al. (1996) , equation 1 indicates that retical and experimental evidence discussed above indithe time required for 50% equilibration is 0.7 ms. Assumcates that the relevant binding processes require less ing higher [N] t or considering the effects of Ca 2ϩ -binding than 2 ms, we slowed the rate of photolysis by using proteins will make the spike decay faster. The higher 20-fold weaker illumination from a continuous light ionic strength and viscosity of squid cytoplasm could source (75 W Xe, see Experimental Procedures). This slow the association rate and make a spike last as much allowed us to produce [Ca 2ϩ ] i rises comparable in size as 3-fold longer to give a maximum duration of 2 ms.
to those produced by the flash lamp, but spread out To see whether Ca 2ϩ spikes are present in our experiover a period of 30 ms. These slower [Ca 2ϩ ] i rises still ments, we attempted to resume [Ca 2ϩ ] i measurement as elicited EPSPs ( Figure 3C ), and these EPSPs decayed early as possible after photolysis. Using light from a with the same rate as the EPSPs evoked by more rapid modulated arc lamp (see Experimental Procedures), we [Ca 2ϩ ] i rises ( ϭ 28.9 Ϯ 3.2 ms; 12 synapses; p ϭ 0.24 switched between low and high intensity illumination compared with ϭ 26.2 Ϯ 2.0 ms for EPSPs evoked by flash lamp discharges). Reducing the rate of photolysis while monitoring furaptra fluorescence. A 1 ms pulse of an additional 3.1-fold by placing a neutral density filter in the path of the continuous light source still resulted in large EPSPs, which decayed with similar kinetics ( ϭ 28.4 Ϯ 1.6 ms; 11 synapses; p ϭ 0.26). Thus, with photolysis over time intervals far longer than the theoretical and experimental estimates of the time required for Ca 2ϩ reassociation, we still saw EPSPs with the same transient behavior. These results thus suggest that Ca 2ϩ spikes are not essential either for triggering release or for the subsequent decay.
Previous work in the squid synapse with another caged Ca 2ϩ compound, DM-nitrophen, showed transient EPSPs qualitatively similar to those shown here (Delaney and Zucker, 1990 EPSPs produced by NPE photolysis.
The time constants for the decays of the responses to the second, third, and fourth exposures were indistinguishable (see text).
Additional tests of the relevance of Ca 2ϩ spikes were provided by experiments employing a series of 25 ms exposures from a continuous light source to raise [Ca 2ϩ ]i cytoplasm), free NPE will be very low once [Ca 2ϩ ]i rises in a sequence of five steps (Figure 4) primed vesicles that are available for immediate release EPSPs with different amplitudes decayed with similar kinetics. A plot of versus EPSP amplitude confirmed (Neher and Zucker, 1993; Thomas et al., 1993; Heidelberger et al., 1994; Heinemann et al., 1994) . We therefore this observation; there was no significant correlation between these two quantities ( Figure 5A ). Thus, EPSPs performed experiments to evaluate the possible contribution of vesicle depletion to the decay of EPSPs.
caused by exocytosis of smaller or larger numbers of vesicles decayed with the same rate, in contrast with The response shown above to a series of steps in [Ca 2ϩ ]i (Figure 4 ) is relevant to the depletion hypothesis. what would be expected if the decay were caused by vesicle depletion. Light was applied at intervals timed to produce a new [Ca 2ϩ ]i rise during the decay of the preceding EPSP. The A presynaptic action potential evokes the release of approximately 50,000 quanta (Llinas et al., 1982 ; Autriggering of more exocytosis during the decay of the previous EPSP indicates that vesicles are available durgustine and Eckert, 1984) without causing significant quantal depletion (Kusano and Landau, 1975) . If release ing the decay. The results shown in Figure 4 (along with five other experiments) were obtained with small induced by photolysis of NPE were depleting synaptic vesicles, an even greater number of quanta would have synapses that fit within the field of view to allow illumination of the entire nerve terminal. Regardless of how much to be released. We can estimate the number of quanta released in our experiments by integrating the EPSP of the synapse was illuminated, the results were the same, indicating that the early and later responses in elicited by NPE photolysis and dividing this integral by the integral estimated for a single quantum (Delaney Figure 4 are not likely to arise from different regions of the synapse receiving illumination of different strength.
and Zucker, 1990) . The integrated EPSP produced by NPE photolysis was 0.040 Ϯ 0.006 mV•s (26 synapses) The repeated responses shown in Figure 4 thus demonstrate that primed vesicles were not depleted but reat the time when the decay began ( Figure 5B ). With the integral of one quantum estimated as 10 Ϫ5 mV•s mained available for exocytosis while an EPSP decayed. However, depletion may explain the decline in peak am-(Augustine and Eckert, 1984), we calculate that the decay begins after 4000 Ϯ 600 quanta have been released. plitude observed after the third response of the series shown in Figure 4 , and this would suggest that more than This should constitute only a small fraction of the vesicles released by an action potential, and thus is only a one light-evoked EPSP is needed to cause depletion.
Depletion of vesicles at synapses increases in proporsmall fraction of the primed vesicles available for release in the nerve terminal. Consideration of the fraction of tion to the amount of transmitter released (Kusano and Landau, 1975) , so that if depletion is responsible for the the synapse illuminated may reduce this excess by a factor that we estimate to be less than two. But when one decay, EPSPs with greater amplitudes should decay more rapidly. However, Figure 2A above showed that considers the fact that weaker flashes of light produced smaller EPSPs (Figure 2A ), and these smaller EPSPs begin to decay at about the same time and with the same rate ( Figure 2B ), then it would appear that the decay can commence after release of an even smaller number of vesicles. Alternatively, with approximately 10,000 to 20,000 active zones in a synapse (Pumplin et al., 1981) , the release of 4000 quanta corresponds to one vesicle per 2.5 to 5 active zones, further suggesting an excess of vesicles. These comparisons indicate that the amount of release prior to the onset of decay is far less than both the number of quanta released by a single presynaptic action potential and the number of available vesicles estimated to be present in this synapse. Finally, we tested the depletion hypothesis by using physiological stimuli to elicit Ca 2ϩ entry through Ca 2ϩ channels. Presynaptic action potentials were used to evoke transmitter release during the decay of an EPSP produced by NPE photolysis. Three out of ten such experiments were performed with illumination of nearly the entire nerve terminal, in which electrically evoked release from regions that escaped illumination is unlikely. If the decay of EPSPs evoked by NPE photolysis were due to vesicle depletion, then electrically evoked EPSPs should be reduced in proportion to the extent of decay. In contrast, we found that EPSPs evoked by presynaptic action potentials at various times after NPE photolysis were slightly enhanced relative to controls ( Figures 6A and 6B ). This enhancement has been reported previously using DM-nitrophen (Delaney and Zucker, 1990) and probably reflects a modest facilitation of synaptic transmission by Ca 2ϩ (Katz and Miledi, 1968; Charlton et al., 1982; Swandulla et al., 1991) . Taken together, the results in Figures 4-6 argue against depletion of vesicles as a mechanism for the decay of EPSPs elicited by caged Ca 2ϩ . vated by further increases in neurotransmitter concentration (Corrie et al., 1993) . It is also unlikely that each occurs at a step upstream from postsynaptic receptor response reflects the activation and desensitization of activation. different groups of receptors. We estimated above that one out of 2.5 to 5 active zones had released a vesicle (Figure 4 ) is highly characteristic of adaptation. for the decay of EPSPs is adaptation of Ca 2ϩ -triggered exocytosis. Adaptation has been described in many senThe synchronization of exocytosis with each increase in [Ca 2ϩ ] i suggests that the triggering mechanism senses sory systems (Eatock et al., 1987; Kurahashi and Shibuya, 1990; Bownds and Arshavsky, 1995) as well as in the rate of change of [Ca 2ϩ ] i . Since a sensitivity to the rate of change rather than the absolute level of the stimulus is the regulation of cytoplasmic Ca 2ϩ (Meyer and Stryer, 1990; Gyö rke and Fill, 1993; Valdivia et al., 1995) . Work a hallmark of adaptation, we tested the hypothesis that exocytosis adapts to Ca 2ϩ by examining how responses on the ryanodine receptor (Gyö rke and Fill, 1993; Valdivia et al., 1995) demonstrated adaptation in the context varied with the speed of a presynaptic [Ca 2ϩ ]i rise. As noted above, EPSPs could be evoked by the relaof excitation-contraction coupling. Our findings in excitation-secretion coupling thus establish an interesting tively slow rises in [Ca 2ϩ ]i produced by continuous illumination with an arc lamp ( Figure 3C ). These EPSPs had parallel with excitation-contraction coupling by showing adaptation in two very rapid Ca 2ϩ -mediated signaling an amplitude of only 3.6 Ϯ 0.7 mV (12 synapses with mean exposure time of 30 Ϯ 2 ms), compared with an systems. amplitude of 7.0 Ϯ 0.8 mV (10 synapses; p ϭ 0.002) for EPSPs evoked by 20-fold faster [Ca 2ϩ ] i rises produced
Relevance to Previous Work on Exocytosis by discharges from a flash lamp. This was in spite of
In general, the rate of secretion differs dramatically dethe fact that the flash lamp produced somewhat smaller pending on whether Ca 2ϩ is introduced by cell permea- [Ca 2ϩ ] i rises of 28 Ϯ 6 M, compared with 42 Ϯ 7 M bilization, K ϩ depolarization, voltage steps, or caged produced by illumination from the arc lamp (p ϭ 0.07). Ca 2ϩ . For example, rapid Ca 2ϩ entry through Ca 2ϩ chanThus, the smaller EPSPs observed when photolysis was nels produces much more exocytosis than slow Ca 2ϩ slower cannot be accounted for by differences in final dialysis (Augustine and Neher, 1992; von Gersdorff and [Ca 2ϩ ]i, and therefore can be attributed to the slower Matthews, 1994) . Since [Ca 2ϩ ]i changes at different rates rate of rise of [Ca 2ϩ ]i. with these various protocols, adaptation may underlie The relevance of the rate of change of [Ca 2ϩ ]i to transmany of these discrepancies. Sustained rises in [Ca 2ϩ ]i mitter release could also be seen when steady illuminatrigger transient secretion in nerve terminals and endotion was maintained for longer times and then suddenly crine cells (Neher and Zucker, 1993; Thomas et al., 1993 ; stopped. EPSPs peaked after about 50 ms of illuminaHeidelberger et al., 1994; Heinemann et al., 1994) . A tion, and then began a slow decline ( Figure 7A ). When second increase in [Ca 2ϩ ] produced additional secretion illumination was terminated (by closing the shutter), the in permeabilized chromaffin cells (Knight and Baker, EPSP showed a sudden downward deflection. At that 1982), sea urchin eggs (Kaplan et al., 1994, Biophys. instant in time, [Ca 2ϩ ] i must have stopped increasing. Soc., abstract), and isolated peptidergic nerve terminals Thus, the downward deflection means that a decrease (Stuenkel and Nordmann, 1993) , reminiscent of the rein the rate of rise of [Ca 2ϩ ] i precipitated a reduction in sult shown in Figure 4 . A constant influx of Ca 2ϩ causes the rate of exocytosis ( Figure 7A ). secretion to peak rapidly and then to decline with a time Finally, we reduced the rate of rise of [Ca 2ϩ ]i by incourse similar to that observed here ; serting a 0.5 neutral density filter in the light path, von Gersdorff and Matthews, 1994) . While these results thereby reducing the rate of photolysis 3.1-fold. The have been interpreted previously in terms of emptying illumination period was extended proportionally to give pools of primed vesicles, the fact that many docked [Ca 2ϩ ]i rises differing only in steepness but not in magnisecretory granules are not rapidly released (Parsons et tude (the ratio of final [Ca 2ϩ ] i for long pulses-to-short al., 1995) is consistent with our conclusion that adaptapulses was 1.01 Ϯ 0.03 for 12 synapses). This reduction tion limits exocytosis during a sustained rise in [Ca 2ϩ ] i . in the rate of rise of [Ca 2ϩ ] i reduced the EPSP amplitude by 35% Ϯ 5% (12 synapses; Figure 7B ). Thus, the results
The Role of Adaptation in Synaptic Transmission of four different experimental paradigms (including Fig-
Because facilitation (Katz and Miledi, 1968 ; Charlton et ure 4) all support the conclusion that the rate of exoal., 1982) Charlton et al., 1982; Augustine et al., 1985; Swandulla et al., 1991; Smith et al., 1993) decay much more slowly than neurotransmitter release, the termination Discussion of release during synaptic transmission is difficult to explain in terms of Ca 2ϩ removal. To bridge this gap, it These experiments showed that neurotransmitter release elicited by caged Ca 2ϩ in the squid giant synapse is has been proposed that domains of high [Ca 2ϩ ] form around Ca 2ϩ channels to trigger release (Fogelson and transient in nature. The rapid decay of release provides evidence for a novel process that limits secretion at Zucker, 1985; Simon and Llinas, 1985; Parnas et al., 1989; Adler et al., 1991; Schweizer et al., 1995) . The time synapses. The decline in synaptic transmission was shown to occur at a site downstream from the Ca 2ϩ rise course of transmitter release can then follow the rapid formation and collapse of these domains. Adaptation and upstream from postsynaptic receptor activation. Since vesicle depletion was ruled out, we concluded also could contribute to the termination of transmitter release during synaptic transmission, although at the that the intrinsic rate of fusion of synaptic vesicles with squid synapse adaptation is roughly one order of magnipotentials ( Figure 1C) . Adaptation increases the importance of proximity between Ca 2ϩ channels and release tude too slow. However, Ca 2ϩ domains may be less relevant to the secretion of some neurotransmitters (Versites and may contribute to the selectivity of different modes of Ca 2ϩ entry in triggering exocytosis of different hage et al., 1991), allowing adaptation to play a role in the termination of release at these synapses. By confining populations of vesicles (Verhage et al., 1991) . Adaptation can prevent both the depletion of vesicles and the desecretion to the time of the presynaptic action potential, adaptation offers an alternative to the Ca 2ϩ domain hysensitization of postsynaptic receptors even as presynaptic [Ca 2ϩ ]i builds up. This would delay the onset of pothesis as an explanation for the general finding that the kinetics of transmitter release from nerve terminals synaptic depression and allow nerve terminals to secrete repetitively when driven at high frequencies. Adapis insensitive to alterations in Ca 2ϩ entry (Barrett and Stevens, 1972; Diamond and Jahr, 1995) .
tation can thus play a role in information processing within nerve terminals, and alterations in the molecular Adaptation provides a means by which nerve terminals can filter out slow changes in [Ca 2ϩ ] i while remaining machinery responsible for adaptation could then alter synaptic transmission in a selected range of frequencies sensitive to the fast changes produced by influx through to foster novel forms of synaptic plasticity. Ca 2ϩ channels. The fact that rapid changes in [Ca 2ϩ ] i are more effective than slow changes makes the presynaptic action potential an ideal physiological stimulus for Adaptation and the Molecular Mechanism secretion, and faster rises together with higher [Ca 2ϩ ]i of Transduction in domains around active zones may contribute to the A molecular mechanism that explains how Ca 2ϩ triggers exocytosis must also account for adaptation. Kinetic steeper onset of EPSPs evoked by presynaptic action models that can simulate adaptation may help relate Baker, 1982; Augustine and Charlton, 1986 ; Heidelthis phenomenon to the molecular mechanisms of transberger et al., 1994) , constitute a powerful set of conmitter release. To illustrate how such an analysis can straints on the Ca 2ϩ -sensing system of exocytosis. be instructive, we consider two models in which transduction is assumed to have no requirement for chemical
Experimental Procedures
energy (e.g., ATP hydrolysis; see Martin, 1994, and Parsons et al., 1995) . Thus, each step is reversible, so that Electrophysiology Microelectrodes were inserted into the pre-and postsynaptic elethe requirement of detailed balance is satisfied. The ments of the squid giant synapse (Adler et al., 1991) . Postsynaptic following two schemes satisfy these requirements (Knox potentials were recorded under current clamp with an EPC-7 ampliet al ., 1986; Cheng et al., 1995) .
fier and acquired with a Macintosh computer equipped with an ITC-16 interface (Instrutech, Great Neck, NY). Data acquisition and digital output were controlled by the Pulse Control extension (Herrington and Bookman, 1994) (Raju et al., 1989; Konishi et al., Alien intracellular calcium chelators attenuate neurotransmitter re-1991), including 2 mM in the presynaptic electrode solution. In most lease at the squid giant synapse. J. Neurosci. 11, 1496-1507. experiments, furaptra was excited by light from a 50 W Hg arc lamp that was passed first through a 1.0 neutral density filter and then Augustine, G.J., and Charlton, M.P. (1986) . Calcium dependence of through a 420 Ϯ 20 nm bandpass filter (Omega Optical, Brattleboro presynaptic calcium current and post-synaptic response at the VT). The light was then joined with the photolysis light by passage squid giant synapse. J. Physiol. 381, 619-640. through the 400 nm dichroic mirror mentioned above, after which Augustine, G.J., and Eckert, R. (1984) . Divalent cations differentially the excitation light followed the same path as the photolysis light support transmitter release at the squid giant synapse. J. Physiol. to the 475 nm dichroic mirror and microscope objective, also men-346, 257-271. tioned above. Emitted light was collected by the microscope objecAugustine, G.J., and Neher, E. (1992) . Calcium requirements for tive, passed through the 475 nm dichroic mirror and a 510 Ϯ 20 secretion in bovine chromaffin cells. J. Physiol. 450, 247-271. bandpass filter, recorded with a PMT, and read into the computer. A computer-controlled shutter protected the PMT during photolysis.
Augustine, G.J., Charlton, M.P., and Smith, S.J. (1985) . Calcium entry In experiments using the modulated 100 W Hg arc lamp described into voltage-clamped presynaptic terminals of squid. J. Physiol. 367, above for photolysis, furaptra was excited with low intensity light 143-162. from the same source following the same path. The bandwidth of Barrett, E.F., and Stevens, C.F. (1972) . The kinetics of transmitter this light was set at 400 nm above by the first dichroic mirror and release at the frog neuromuscular junction. J. Khodakhah and Ogden (1995) . We used Brose, N., Petrenko, A.G., Sü dhof, T.C., and Jahn, R. (1992) . Synapthe expression totagmin: a calcium sensor on the synaptic vesicle surface. Nature [Ca 2ϩ ] ϭ Kd(Fmin Ϫ F)/(F Ϫ Fmax) (2) 256, 1021-1025.
Chapman, E.R., Hanson, P.I., An, S., and Jahn, R. (1995) . Ca 2ϩ reguwhich contains three calibration parameters, F min , the fluorescence lates the interaction between synaptotagmin and syntaxin 1. J. Biol. when all the dye is free, F max , the fluorescence when all the dye is Chem. 270, 23667-23671. bound, and K d, the dissociation constant of the dye. Because resting Charlton, M.P., Smith, S.J., and Zucker, R.S. (1982 (Konishi et al., 1991) . The depenEatock, R.A., Corey, D.P., and Hudspeth, A.J. (1987) . Adaptation of dence on Mg 2ϩ is consistent with the Mg 2ϩ binding properties of this mechanoelectrical transduction in hair cells of the bullfrog's saccudye (Raju et al., 1989 Figure 3C ) because this comphotolabile chelator that selectively binds Ca 2ϩ with high affinity and pound binds Mg 2ϩ .
releases rapidly upon hydrolysis. Proc. Natl. Acad. Sci. USA 91, [187] [188] [189] [190] [191] 
